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Abstract

Background: Numerous proangiogenic growth factors have
been shown to improve impaired wound healing. This study
evaluated the effects of subcutaneous pretreatment with a
combination of proangiogenic growth factors on wound
closure, mechanical properties, vessel density, and morphol-
ogy. Methods: Thirty-six Balb/c mice with streptozotocin-in-
duced diabetes were divided into 3 groups. A mixture of
VEGF (35.0 .g), bFGF (2.5 pg), and PDGF (3.5 p.g) was admin-
istered subcutaneously 3, 5, and 7 days prior to wounding in
the first group, whereas the second group received three
doses of 3.5 wg PDGF. Wound sizes were assessed daily and
the repaired tissues were harvested 7 days after wound clo-
sure. Results: Complete closure (=95% healing of initial
wound area) was reached in all proangiogenic pretreated
animals by day 17, whereas the PDGF monotherapy group
needed up to 20 days for complete closure. By the time of
tissue harvesting on day 24, complete closure was not
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reached in all control animals. Punch biopsy material re-
vealed 1.6-fold higher vessel densities in the proangiogenic
combination-pretreated group than in the controls. Conclu-
sions: Proangiogenic priming revealed several significant
effects on diabetic wound healing: faster time to closure, a
higher vessel density, and improved functional outcome.
Copyright © 2011 S. Karger AG, Basel

Introduction

Diabetes affects approximately 170 million people
worldwide, and it is anticipated that this number will
double in the next 20 years [1]. Diminished production of
proangiogenic growth factors and decreased wound an-
giogenesis are thought to contribute to impaired wound
repair in diabetic patients [2]. Wound healing is strongly
dependent on the formation of granulation tissue, which
in turn is intimately correlated with the induction of
new vessel formation. Wound angiogenesis represents a
merged process that relies on the extracellular matrix in
the wound bed as well as on the migration and mitogen-
ic stimulation of endothelial cells [3]. Within this process,
vascular endothelial growth factor (VEGF) enhances tis-
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sue repair by stimulating proliferation in preexisting en-
dothelial cells and increasing collagen deposition [4, 5],
whereas fibroblast growth factor (FGF) and platelet-de-
rived growth factor (PDGF) regulate predominantly the
synthesis and deposition of extracellular protein compo-
nents and additionally intensify wound angiogenesis.
PDGF stimulates macrophages and boosts the secretion
of other growth factors of importance in the healing pro-
cess and several matrix molecules, such as fibronectin,
collagen, proteoglycans, and others.

Several studies have examined whether angiogenesis
stimulation can be used to promote wound healing. Ad-
enoviral gene transfer with proangiogenic growth factors
(especially VEGF) was shown to accelerate diabetic heal-
ing, whereas topical application with VEGF or PDGF
showed ambivalent results [6]. Our own previous experi-
ments [7] have shown the potential therapeutic benefits
of priming angiogenesis and cell attraction prior to sur-
gery with a combination of proangiogenic growth factors
for wound healing in normoglycemic mice. Priming with
a combination of supraphysiological doses of VEGF, FGF,
and PDGEF led to faster times to closure, higher vessel
densities, and better functional outcomes [7]. A combina-
tory approach may therefore better mimic the complex
interactions of the wound microenvironment than mono-
therapy using only a single factor. Furthermore, priming
of skin tissue with proangiogenic growth factors could
represent a potential approach for the preparation of skin
flaps in plastic surgery. Giunta et al. [8] used AAVEGF ¢
gene transfer 7 and 3 days prior to flap harvest and ob-
tained a significantly increased flap survival and a high-
er perfusion. Preconditioning or priming with proangio-
genic growth factors appears, therefore, to be a potent
strategy for the enhancement of tissue repair.

The aim of the present study was to elucidate the effects
of priming with a combination of proangiogenic growth
factors or monotherapy with PDGF on wound healing in
streptozotocin (STZ)-induced diabetic animals.

Methods

Animals

Thirty-six female Balb/c mice (25-33 g) were used for these
experiments. They were obtained from the Central Animal Fa-
cilities of the University of Mainz and housed in an approved an-
imal care facility with 12-hour light/dark cycles. Food and water
were provided ad libitum. The care of the animals was consistent
with legal guidelines and all experiments were conducted follow-
ing approval by the local animal welfare authorities (license No.
1.5 177-07/041-2). Animals were kept in individual cages during
the experiments in order to avoid biting and interference with the
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wounds. As long as the wounds were still open and wet, soft tissue
paper was used instead of conventional bedding in order to avoid
wound irritation or contamination.

STZ-Induced Diabetes Model

To assess the effects of priming on diabetic mice, hyperglyce-
mia was induced by intraperitoneal injections [9] of 150 mg/kg
body weight STZ (Sigma-Aldrich, Taufkirchen, Germany). The
injection of STZ was repeated twice on every other day with a
concentration of 50 mg/kg body weight. Blood glucose levels were
determined weekly, and mice that did not show hyperglycemia
=250 mg/dl at the time of surgery were excluded from the study.

Growth Factor Priming

The dorsal skin of the mice was shaved and depilated. Three,
5, and 7 days prior to surgery, a combination of 35.0 pg VEGF
(R&D Systems, Minneapolis, Minn., USA), 2.5 ug basic FGF
(bEGF; R&D Systems), and 3.5 pg PDGF (R&D Systems) dis-
solved in 0.2 ml saline solution was injected subcutaneously 1.0
cm paramedian in STZ-induced diabetic mice. The PDGF mono-
therapy group received 3.5 ug PDGF (R&D Systems) and the con-
trol animals 0.2 ml saline solution (B. Braun, Melsungen, Ger-
many). This combination of different growth factors and the re-
spective dosages were based on our own preliminary tests and on
a review of the available literature.

Surgery

Mice were anesthetized with an intraperitoneal injection of
avertin (1.5 ml/100 g body weight, 2,2,2-tribromoethanol; Sigma-
Aldrich, Munich, Germany). Immediately before biopsy, an area
of 15 X 15 mm was shaved again using disposable shavers, fol-
lowed by skin disinfection with 70% ethanol. Under sterile condi-
tions, 8-mm circular full-thickness punch biopsy wounds were
made using disposable punches (Stiefel, Offenbach, Germany) in
the midline of the lumbar dorsal skin of the mice.

Wound Size Analysis

Digital photographs (JVC KY-F75U; JVC, Yokohama, Japan)
were taken at the time of surgery and daily thereafter using a
working distance of 18 cm. A marker (length 5 mm) was placed
on the back of the animal for reference. The wound areas were
measured by tracing wound margins with a fine resolution com-
puter stylus and were analyzed by means of morphometry soft-
ware (Diskus 4.80; Hilgers, Kénigswinter, Germany). Wound ar-
eas (in %) were calculated as actual residuals in reference to the
wound areas on day 1 after surgery. Wound closure was defined
as =95% wound closure according to the FDA guidance for in-
dustry ‘Chronic Cutaneous Ulcers and Burn Wounds - Develop-
ing Products for Treatment’ [10].

Infrared Thermography

To assess any possible effects of angiogenic factors on local
perfusion, an infrared thermographic system (Varioscan ST-
3021; Jenoptik AG, Jena, Germany) was used. Thermograms were
taken from non-anesthetized mice on day 22 after surgery at a
distance of 12 cm. The computerized evaluation was carried out
using Irbis® control software (version 2.2; InfraTec GmbH, Dres-
den, Germany). Temperatures were measured in the wound bed,
the wound margin, and the adjacent unwounded tissue with line
and area scans. The wound itself could be easily identified due to
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the relative local hyperthermia and was confirmed by comparing
the IRT image with the macroscopic appearances. A 2-mm wide
rim encircling the wound bed was defined as the wound margin.
Unwounded skin at a distance of at least 4 mm from the wound
margin was used for reference measurements.

Tissue Sampling and Histology

Animals were sacrificed on day 24 after surgery. The central
parts of the wound area were used for the maximum tensile
strength measurements, and the adjacent parts for histology and
immunochemistry. Five-micrometer thin sections of paraffin-
embedded specimens were stained with hematoxylin-eosin and
picrosirius red according to standard protocols. Hematoxylin-eo-
sin-stained sections were used to assess tissue layer thicknesses of
the epidermis and dermis, scar thickness, and the progress of re-
modeling with image analyzing software Diskus 4.80 (Hilgers).
All sections underwent blinded quantitation by an independent
observer.

Picrosirius red staining was used to quantify the collagen con-
tent [11], which was expressed as the percentage of red-stained
pixels using the image-analyzing software KS300 (Kontron AG,
Eching, Germany). Areas of green (type III collagen-like) and red
(type I collagen-like) were calculated for each field captured. The
same settings were used for all analyses.

Immunohistochemical staining of endothelial cells was per-
formed using a monoclonal antibody against CD31 (BD Biosci-
ences Pharmingen, Heidelberg, Germany). Antibody binding was
visualized via a 3-step staining procedure using a biotinylated
polyclonal anti rat IgG secondary antibody (DakoCytomation
GmbH, Hamburg, Germany) and the streptavidin horseradish
peroxidase reaction together with the DAB detection system. Ves-
sel densities were assessed using a Weibel grid [12] and expressed
as percentage of vessel surface area.

Tensile Strength Measurements

Test strips were punched out from the harvested wound verti-
cally to the craniocaudal axis on day 24 after surgery. The test
strips had an hour glass form with 3 mm width at the narrowest
part constituting a predetermined breaking point. The design of
the hour glass form was based on material testing standards. Test
strips without the hour glass form would inevitably tear at the
wedge grips, where the tissue is already bruised. The breaking
strength testing device consisted of two opposed gripping jaws
which fixed the tissue strip. The electric motor-driven gripping
jaws were moved apart with a constant strain rate of 0.5 mm/s
under displacement control. Time, force, and displacement were
recorded for stretching up until failure. A position encoder
(WA300) was used to register the stretching distance; a force
transducer (52, maximum value 150 N) was used to quantify the
power applied to the tissue strip. The endpoint was the breaking
strength in Newton [(kg-m)/s?]. The resulting values were record-
ed by a multiple-channel PC measuring device (Spider 8; HBM,
Hottinger Baldwin Messtechnik, Darmstadt, Germany) and plot-
ted as a force-deflection curve (software: Catman 4.5; HBM). The
maximum breaking strength was determined from the stress-
strain curve.

Statistical Analysis
Statistical analysis was based on measurements in at least 35
different mice. The unpaired Student’s t test for samples of un-
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equal variances was used to calculate statistical significance. Data
were expressed as means * SD. The significance level for the
sample distribution was defined as p < 0.05.

Results

Wound Closure and Gross Appearance

The priming of wounds with proangiogenic growth
factors resulted in a temporal advantage in the wound-
healing process: 50% wound closure was reached on day
6.8 in the combination group versus day 8.0 in the PDGF
monotherapy group and day 8.1 in the controls (fig. 1a).
On day 14 after surgery, the wounds in 91% of all proan-
giogenic combination-primed animals were completely
healed, whereas only 75% of wounds in PDGF monother-
apy animals and 33% in control animals reached com-
plete closure at this time (fig. 1b). Combination proangio-
genic primed animals showed significantly accelerated
healing between day 6 and 14 (p < 0.028). Figure 2 shows
the more rapid wound closure in the combination group
and illustrates the circular vessel growth seen in primed
animals.

Vessel Density

Vessel densities were determined both in the wounds
after sacrificing the animals, as well as in the punched
skin of the pretreated wound bed on the day of surgery.
Assessment of local vessel expression revealed that vessel
invasion accumulates in particular into the subcutis and
panniculus carnosus. The harvested tissue of combina-
tion-primed animals showed a higher cell density of cells
invading the dermis (fig. 3). Figure 4a illustrates that
priming resulted in a significantly higher percentage of
vessel densities at the time of surgery: priming yields
more than 1.6-fold higher vessel surface areas in the com-
bination-primed group versus controls (mean: 4.5 vs.
2.8% vascular surface area, p < 0.01). In addition to high-
er vessel densities, the combinatory treatment induced a
mild chronic inflammatory response, mainly represent-
ed by lymphocytes, typically seen in later phases of prop-
er, normal wound-healing processes. This might be a ma-
jor cellular correlate for the improved outcome in this
group.

After complete wound closure and harvesting, vessel
densities were assessed separately in the wound ground,
the former wound margin, and in the adjacent unwound-
ed tissue. The differences in vessel densities had normal-
ized by day 24 after surgery (fig. 4b). Nonetheless, the
highest values were still found in pretreated animals.
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Infrared Thermography

The mean temperatures were significantly higher in the
wounds of proangiogenic combination-primed mice than
in controls (p < 0.01) or in the PDGF monotherapy group
(p = 0.12; fig. 5). The wound margins of the proangiogen-
ic combination-primed animals revealed the highest tem-
perature levels. Here, in the wound bed the mean temper-
ature of the combination group was 0.6°C higher than in
the control group (p = 0.05). In the adjacent vicinity of the
wound margin the temperature in the combination group
was 0.52°C higher than in the controls (p < 0.001).
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Maximum Tensile Strength

Functional tensile strength testing revealed a certain
advantage of the proangiogenic growth factor pretreat-
ment in comparison to the sham-treated control group,
although these differences did not reach significance
(fig. 6). The mean value for the combination-primed ani-
mals was 1.2 £ 0.25 N. The PDGF monotherapy group
showed the highest variability (1.1 * 0.66 N), with a
mean value of 1.0 * 0.3 N being found in the control
animals.
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Fig. 2. Macroscopic assessment of wound closure on day 10 (upper panel) and day 24 (lower panel, back
side of specimen biopsy) in representative mice receiving either control treatment (0.2 ml isotonic saline
solution), combinatory proangiogenic treatment (35.0 pug VEGEF, 2.5 g bFGF, and 3.5 pg PDGEF), or PDGF
monotherapy (3.5 ug). The black marker has a length of 5 mm.

Collagen Contents

Figure 7 shows significant increases in the percentage
of juvenile type III collagen-like fibers after surgery and
PDGF monotherapy. Postoperatively, the PDGF mono-
therapy animals showed significantly higher values than
the controls (p = 0.045) and the proangiogenic combina-
tion-primed animals (p = 0.045). The levels of type I col-
lagen-like fibers showed no significant change.

Discussion

The present results show that priming with a combina-
tion of proangiogenic growth factors enhances healing
as defined by faster wound re-epithelialization, higher
wound vascularization, higher wound temperature, and
a higher amount of juvenile collagen fiber bundles. In
particular, assessment of time to closure and functional
outcome revealed an advantage for the groups primed
with proangiogenic growth factors in comparison to con-
trol animals. In addition, a higher degree of wound con-
traction was observed immediately after wounding in the

Proangiogenic Growth Factors and
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groups primed with proangiogenic growth factors. Heal-
ing by contraction is more predominant than epitheliali-
zation in ‘loose-skin’ animals, such as the mouse, and
depends on vascularization, which is elevated in groups
primed with proangiogenic growth factors and which
correlates with myofibroblast activity.

These results were obtained in animals with STZ-in-
duced diabetes, which is based on a selective destruction
of the pancreatic 8 cells [9]. Contrary to Lepr®®# knock-
out mice or NOD mice, STZ-induced diabetes may be
regarded primarily as a model for type I diabetes. The
vascular complications and the endothelial dysfunction
are, however, comparable [13]. Galiano et al. [2] were able
to show that STZ-induced diabetes causes a similarly de-
celerated wound closure to that seen in db/db mice.

Several proangiogenic growth factors have been tested
for their ability to enhance wound healing. Although
many factors have demonstrated positive results on tissue
repair, only PDGF (becaplermin) is available as an FDA-
approved topical wound ointment [6, 14]. Admittedly, re-
sponse rates of becaplermin range at best to a modest lev-
el of 30% [14]. Topical treatment with VEGF or bFGF did
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not show convincing results either [15, 16]. This lack of
efficacy may be due to a proteloytic degradation of the
topically administered growth factors at the wound site.
However, priming and gene therapeutic approaches are
attaining more sustainable results than those obtained
with topical delivery of proangiogenic growth factors:
wounds require an excellent vascularization and a healthy
bed of granulation tissue as a prerequisite for effective
healing [14]. The crucial point of wound closure and
wound re-epithelialization is the directed migration of
keratinocytes towards the wound bed. This migration ca-
pacity is compromised in chronic non-healing wounds
[17]. Brem et al. [18] demonstrated that the sustained re-
lease of VEGF and a distinct wound angiogenesis pro-
mote the migration of keratinocytes and wound closure.
Our results for wound closure and higher vessel densities
likewise confirm these findings. Furthermore, the trans-
location of preexisting vasculature is responsible for the
rapid formation of granulation tissue [19].

We opted for a combination of VEGF, bFGF, and
PDGEF in comparison with PDGF alone and controls for
various reasons: PDGF may be regarded as a gold stan-
dard due to FDA approval of the treatment of neuropath-
ic ulcers. VEGF and bFGF in combination with PDGF
showed convincing results in a previous study on wound
healing in normoglycemic animals [7]. VEGF alone may
increase the vessel density, whereas bFGF impacts not
only vessel density but also vascular permeability and cell
proliferation in general. A combination was thus more
promising than individual growth factors.

The dosages used in this experiment were well above
physiologic values. In a previous study with normoglyce-
mic mice, we showed that these dosages may speed up
wound healing and increase vessel densities prior to sur-
gery [7], whereas physiologic dosages do not have an im-
pact in normal mice [20]. It might well be that an im-
provement of wound tissue levels of angiogenic factors in
diabetic animals to their physiological levels in non-dia-
betic animals achieves already significant improve-
ments.

Fig. 3. Vascularization of excised punch biopsies from control an-
imals (0.2 ml isotonic saline solution; top), combinatory proan-
giogenic treatment (35.0 wg VEGF, 2.5 pg bFGF, and 3.5 pg
PDGF; middle), and PDGF monotherapy (3.5 wg; bottom). Note
the higher vessel density and cell invasion in the proangiogenic
combination-primed animals. In addition to higher vessel den-
sity, the combination of three growth factors induces a mild
chronic inflammatory response as typically seen in later phases
of normal wound-healing processes.
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indicating that the temperature levels in the wound bed are sig-
nificantly higher in the pretreated animal groups. Box-whisker
plots showing the median, 5th, 10th, 25th, 75th, 90th, and 95th
percentiles.

The vasculature of granulation tissue is characterized
by a greater number of widely enlarged capillaries [19, 21].
The various mechanisms of vessel growth play a pivotal
role during wound healing: intussusceptive angiogenesis
has been shown to occur during wound healing. Vascular
intussusception is characterized by intraluminal invagi-
nations caused by endothelial cells or cells of connective

Proangiogenic Growth Factors and
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Fig. 6. Comparison of tensile strength values obtained on day 24
after surgery. Mice received either control treatment (0.2 ml iso-
tonic saline solution), combinatory proangiogenic treatment (35.0
g VEGF, 2.5ng bFGF, and 3.5 pg PDGF), or PDGF monotherapy
(3.5 pg) on days 3, 5 and 7 prior to surgery. Box-whisker plots
showing the median, 10th, 25th, 75th, and 90th percentiles.

tissue [21]. One important characteristic of intussuscep-
tive vascular growth is that it can be achieved at an ex-
tremely low rate of endothelial cell proliferation [22].
Buds are functional vessels that are constantly perfused
with blood. Our results suggest that proangiogenic com-
bination priming facilitates the early stages of wound
healing. In this study, we have been able to demonstrate
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that the priming of preexisting host vasculature leads to
a higher vessel density in the wound bed at the time of
surgery. A prominent vasculature at the time of surgery
initiates a strong angiogenic response that is accompa-
nied by vascular leakage, fibrin deposition, and the be-
ginning of the inflammatory phase [23] in granulation
tissue. Vessel densities on day 24 after surgery, in con-
trast, showed no significant advantage over those seen in
primed animals. In our own experiments in normoglyce-
mic mice, significantly higher vessel densities were found
in primed animals on the day of surgery and on day 17
after surgery. Numerous studies have indicated that vas-
cular regression is probably a regulated process in wound
healing, with endothelial cells undergoing apoptosis [24,
25]. Different matrix metalloproteinases and plasmino-
gen have been shown to induce vascular regression dur-
ing the formation of highly vascularized granulation tis-
sue [25], and a long-lasting period of angiogenesis has
been observed to comprise of the remodeling phase and
maturation of wounds [26, 27]. Therefore, proangiogenic
priming mimics the physiological continuum of vessel
induction and vessel regression, which is in contrast to
the permanent angiogenic stimuli occurring during top-
ical treatment.

Infrared thermography was used for non-invasive
monitoring of temperature as a surrogate marker of local
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tissue perfusion. The thermal resolution of infrared ther-
mography is usually better than 0.1 K so that thermo-
grams can be used to detect minimal heterogeneities in
tissue temperature. In the present study, higher tempera-
tures were found in the wound bed, wound margin, and
adjacent tissue in the animals primed with proangiogen-
ic growth factors. The influence of vasoregulation on
blood flow in remodeled tissue should be considered as a
crucial element in the control of perfusion. Nonetheless,
the stimulation of vascularization through application of
proangiogenic growth factors is also thought to be capa-
ble of significantly increasing local tissue perfusion [27-
29].

Collagen synthesis and deposition are crucial for
wound closure and the development of wound tensile
stiffness. VEGF, FGF, and PDGF have been shown to
stimulate fibroblast migration and enhance collagen de-
position [28, 29]. In our study, collagen deposition follow-
ing application of proangiogenic growth factors was seen
to change towards a higher level of juvenile type III col-
lagen-like fibers, suggesting intensified tissue remodel-
ing by vascularized tissue, similar to that seen in granula-
tion tissue [30, 31]. Considering the results obtained,
there does not appear to be a stringent correlation be-
tween collagen content and tensile stiffness. This may be
due to the early harvesting of scar tissue on day 24. Re-
modeling and scar maturation seem not to be completed
by day 24 after surgery, whereas our own wound healing
studies on combinatory proangiogenic priming in nor-
moglycemic mice revealed an almost 2-fold higher break-
ing strength in primed animals on day 17. These data sug-
gest that the combinatory proangiogenic growth factor
approach has more than an additive effect on the deposi-
tion and arrangement of collagen bundles. Wound vascu-
larization seems to be a relevant prerequisite for collagen
deposition and cross-linking. Furthermore, numerous
extracellular proteins, e.g. fibronectin and tenascin, can
be seen as a pivotal criterion influencing collagen cross-
linking and wound angiogenesis [31]. The newly forming
blood vessels deposit a provisional matrix of fibronectin
and proteoglycans [32, 33].

Taken together, these results show that combinatory
proangiogenic priming with VEGF, bFGF, and PDGF re-
sults in faster wound closure, higher vessel density, and a
better functional outcome. Priming has now revealed ac-
celerated healing in both normoglycemic and diabetic
mice. Future experiments are planned which will exam-
ine the effects of the individual proangiogenic growth
factors and compare the effects of proangiogenic priming
with gene therapeutic approaches.
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